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AIR-SAMPLING DE^^CE AND METHOD OF USE 

CROSS REFERENCE TO RELATED APPLICATION 

This application claims the benefit of U.S. Provisional Patent Application No. 
5 60/512,252 filed October 17, 2003, which is incoiporated herein by reference. 

FIELD 

The present invention concerns embodiments of a device for sampling airborne particles 
(aerosols), and methods for its use. 

10 

BACKGROUND 

Air sampling is used to collect samples of airborne particles that are present in an 
environment Analyses of the air santq)les can provide information concerning potential 
exposure to harmful lespirable agents. Bioaerosol sanq^ling can be used to identify particles of 
15 biological origin, such as, viable and non-viable fungal spores, bacteria, pollen, skin cells, fibers 
and insect parts. 

Until recently, analyses of bioaerosol sanq>les typically involved directly counting the 
organisms in a sanq^le or indirectly by providing culture media in an environment and counting 
colony-forming units. While these methods provide reasonably adequate assessment of 

20 bioaerosol concentration, such methods are time consuming (e.g., some analyses may take days 
or even weeks to con5>lete) and may be unreliable. Recently, the threat of biological warfiare 
and terrorist attack has prompted the development of highly sensitive molecular techniques for 
detecting microorganisms, such as polymerase chain reaction (PCR) and immunological assays. 
Sanq)ling devices that are currently used for collecting bioaerosols for subsequent 

25 analysis include filters, impingers, and impactors. However, such devices suffer from 

disadvantages that limit their use in assessing exposure to aiibome bioparticulates. For exanq^le, 
samples extracted firom filters are often insufficient for determining the concentration of 
bioparticulates in the air because of poor extraction efficiency. Inq>ingers and in:q)actors may be 
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suitable for short-term samplings; hoy/ever, these devices cannot be used for long-term exposure 
assessment because of liquid evaporation in impingers and potential particle re-entrainment in 
impactors. 

Hence, there is a need for new and improved devices for sampling aiifoome particles^ 
5 and especially for sampling devices that can monitor ambient air for the presence of biowarfare 
pathogens, such as anthrax spores, potentially pathogenic mold in the environment, and other 
potentially hazardous bioparticulates. 

SUMMARY 

10 The preset disclosure concerns embodiments of a sampling apparatus that utilizes one 

or more cyclone sq>arators to collect airborne particles from the atmosphere. According to one 
aspect, the sampling apparatus employs a tube or other vessel that functions as both a cyclone 
separator to separate out aerosols from an air stream flowing through the tube and as a collection 
tube for collecting the separated aerosols. 

15 When sampling an environment, air from the surrounding atmosphere is drawn flirough 

the open end of the collection tube. The air entering the tube is directed to flow in a direction 
that is generally tangential to the inner surface of the tube, which causes the air to spiral toward 
the closed end of the tube to form an outer vortex. The air flow tibien spirals back toward the 
open end of the tube to form an inner vortex and exits the tube through its open end. The 

20 velocity of the air flow exerts a centrifugal force on particles entrained in the air, causing them to 
impact the tube's inner surface and separate from the air flow. Since the sanq)le is collected 
directly in the collection tube, in situ analysis of the collected particles can be performed. Some 
examples of analyses that can be performed on the collected sample include, without linoitation, 
PGR, immunoassay analysis, microscopic spore counting, and counting colony-forming xmits. 

25 The collection tube can be a conventional microcentrifuge tube, such as an Eppendorjf® 

microcentrifuge tube, commonly used in laboratories for performing various processes such as, 
sonicating, liomogeni2dng, and transferring samples. In certain embodiments, the collection tube 
is screwed onto or otherwise retained by a fitting that couples to the open end of the collection 
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tube and functions to conduct air into and out of the collection tube. After a sampling period, the 
collection tube can be easily removed from the fitting for subsequent analysis of the collected 
sample. The fitting has an inlet passageway that conducts atmospheric air through the open end 
into the interior of the collection tube. An outlet passageway in the fitting allows air to escape 
5 the collection tube through its open end. A vacuum pump can be fluidly connected to the air 
outlet, such as with flexible tubing, to draw atmospheric air througji the collection tube. 

According to another aspect, the sampling apparatus may be a personal sampler that is 
of sufficiently small size so that it can be worn by a user to determine the quality of air being 
respirated. Alternatively, the sampling apparatus may be used as an area sampler such as for 
10 long term sampling of an environment. 

In one representative embodiment, the sampling apparatus includes a collection-vessel 
retaining member that is adapted to be removably coupled to a collection vessel. The retaining 
member has an air-inlet conduit for permitting air to flow through the open end of the collection 
vessel and an air-outlet conduit for permitting air to exit the open end of the collection vessel. 
15 The air-inlet conduit and the air-outlet conduit are configured to cause air flowing into the 

collection vessel to establish a cyclonic flow path, which causes airborne particles to separate 
out from the air stream and collect in the collection vessel. 

In particular embodiments, the retaining member may be adapted to couple to first and 
second collection vessels. The first collection vessel serves as a first-stage cyclone separator to 
20 separate aerosols from an air stream conducted into the first collection vessel via the air-inlet 
conduit. Air exiting the first collection vessel is conducted into the second collection vessel, 
which serves as a second-stage cyclone separator to fiirfher separate aerosols from the air stream. 

In another representative embodiment, the sampling apparatus includes a collection 
vessel in. which airborne particles are collected for analysis. An air-inlet conduit conducts air 
25 into the collection vessel and an air-outlet conduit conducts air out of the collection vessel. The 
air-inlet conduit extends in a direction that is non-orthogonal and non-parallel to a plane that is 
parallel to the open end of the collection vessel so as to cause air entering the collection vessel to 
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flow generally tangentially with respect to the collection vessel inner surface and fom a vortex 
for separating airborne particles. 

In another representative embodiment, a method for analyzing airborne particles 
includes flowing untreated air into a collection vessel, establishing a double vortex in the 
5 collection vessel to cause airborne particles to separated out from the air and collect in the 

collection vessel, and performing an analysis of the collected particles. In some embodiments, 
the analysis is performed while.the particles are still in the collection vessel. In other 
embodiments, the particles can be removed from the collection vessel prior to performing the 
analysis. 

10 The foregoing and other features and advantages of the invention will become more 

apparent from the following detailed description of several embodiments, which proceeds with 
reference to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRA WINGS 
15 FIG. 1 shows an apparatus, according to one embodiment, for sampling airborne 

particles, such as bioaerosols. 

FIG. 2 is an enlarged, perspective view of the sampHng device of the apparatus shown 
inHG. 1- 

FIG. 3 is a vertical cross-sectional view of the san^ling device taken along line 3-3 of 

20 FIG. 2. 

FIG. 4 is a horizontal cross-sectional view of the retaining member of the sampling 
device taken along line 4-4 of FIG. 3. 

FIG. 5 is an enlarged, elevation view of a portion of the sampling device shown in 
FIGS. 1-4. 

25 FIG. 6 is an exploded, perspective view of the sampling device shown in FIGS. 1-3. 

FIG. 7 is a perspective view of an alternative embodiment of a filter that can be used in 
the sampling device shown in FIGS- 1-3. 



wo 2005/040767 



PCT/US2004/032378 



-5- 

FIG. 8 is a partially exploded, perspective view of a two-stage sampling device, 
according to one embodiment. 

FIG. 9 is a vertical cross-sectional view of the sanqDling device shown in FIG. 8. 

FIG, 10 is a graph showing the aspiration efficiency of a sampling device, 
5 FIG. 11 is a graph showing the particle deposition in the collection tube, retaining 

member and filter of three sampling devices at a flow rate of 2 L/min. 

FIG, 12 is a graph showing the particle deposition in the collection tube, retaining 
member and filter of three sampling devices at a flow rate of 4 L/min. 

FIG. 13 is a graph showing the collection efficiency of a sampling device. 
10 FIG. 14 is a graph of the collection efficiency of a sampling device as a function of 

normalized particle diameter. 

FIG. 15 is a graph showing the evaporation rate of water contained in a sampling device 
when operating within a testing chamber and outside the testing chamber. 



15 DETAILED DESCRIPTION 

As used herein, the singular forms "a," "an," and "the" refer to one or more than one, 
unless the context clearly dictates otherwise. 

As used herein, the term "includes" means "comprises." 

As used herein, a group of individual members stated in the alternative includes 
20 embodiments relating to a single member of the group or combinations of multiple members. - 
For exan^le, the term "a, b, or c," includes embodiments relating to "a," "b," "c," "a and b," "a 
and c," '13 and c," and "a, b, and c." 

As used herein, the teim "air" is not limited to atmospheric air, and may include any gas 
or mixture of gases. 

25 Refening first to FIG. 1, there is shown one embodiment of an apparatus 10 for 

sampling airbome particles. The apparatus 10 in the illustrated configuration includes a control 
unit 12 that has an internal vacuum pump (not shown) that is fluidly connected to a sampling 
unit 14 (also referred to herein as a sampling device) via a fluid conduit 16 (e.g., Tygon® flexible 
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tubing). The vacuum pump, under the control imit 12, draws a desired amount of air through the 
sampling unit 14 to create the necessary flow to separate airborne particles from the air. The 
vacuum pump (and other electrical components of the control unit 12) desirably receives power 
from an onboard battery storage system, such as rechargeable or replaceable batteries (not 
5 shown) for ease of portabihty and use. However, an external energy source can alternately 
provide power to control unit 12. 

As shown in FIG. 1, the illustrated control unit 12 includes an ON/OFF power switch 
18, a vacuum gauge 20, a display screen 22, which can be a liquid crystal display (LCD), and 
control buttons 24a, 24b, 24c, 24d, 24e, and 24£ Control buttons 24a-24f can be used to control 
10 different operating parameters of the control unit 12, such as flow rate, run time, and shut-off 
time, and/or to select certain parameters to be displayed on the display screen 22. In particular 
embodiments, the control unit 12 is a model 224-PCXR8, available from SKC Inc., of Eighty 
Four, PA, although other commercially available devices also can be used. 

In particular embodiments, the apparatus 10 is sufficiently lightweight and portable so 
1 5 that it can be worn by a user as a personal air sampler to determine the quality of air being 

respirated. In this regard, the sampling unit 14 can have a spring clip 26 or similar device for 
attaching the sampHng unit 14 to a user's shirt or jacket. In use, the clip 26 desirably is attached 
to the collar of the user's shirt or jacket so that the atmosphere proximate the user's mouth can 
be monitored through the sampling unit 14. The control unit 12 desirably is relatively light and 
20 small, so that it can be placed or worn on a person's clothing. For example, the control xmit 12 
can be placed in a pocket or attached to a user's belt. 

Referring to FIGS. 2 and 3, the sampling unit 14 in the illustrated configuration 
generally includes a collection vessel 28 (also referred to herein as a collection tube), a 
collection-vessel retaining member 30 (also referred to herein as an air-flow member and an air- 
25 flow fitting), a filter 32 (fcaown as a "filter cassette"), and a piece of rigid tubing 34 to which the 
spring clip 26 is attached. 

As best shown in FIG. 3, the illustrated collection vessel 28 has an upper cylindrical 
portion 28a formed with an open end 42 and a lower tapered portion 2Sb formed with a closed 
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end 54 opposite the open end 42. The shape of the collection vessel is not lin^ted to that shown 
in the illustrated embodiment; collection vessels having various other shapes also may be used. 
In one embodiment, for example, the collection vessel is generally cylindrical and has a 
substantially constant cross-sectional profile. 
5 The collection vessel 28 desirably is designed to be removably coupled to a first end 36 

of the retaining member 30. In the illustrated embodiment, for example, the first end 36 of the 
retaining member 30 is formed with a threaded opening 38 configured to mate with threaded 
portion 40 of the collection vessel 28 (as shown in FIG. 3). Thus, the collection vessel 28 can be 
easily mounted to the retaining member 30 by screwing the collection vessel 28 onto the threads 
10 38 of the retaining member 30. After a sample is collected in the collection vessel 28, it can be 
easily imscrewed from the retaining naember 30 to permit testing of the sample. 

Altemative techniques or designs can be implemented to couple the collection vessel 28 
to the retaining member 30. In one embodiment, for example, the first end 36 of the retaining 
member 30 can be formed with a smooth inner surface (without threads 38) that is dimensioned 
15 to fiictionally retain a collection vessel that is pressed into the first end 36. Clanq>s and other 
types of fasteners also can be used to retain the collection vessel 28 on the retaining member 30. 

As shown in FIG. 3, the retaining member 30 also can be formed with an aimular 
groove 44 adjacent the open end 42 of the collection vessel 28. The groove 44 is dimensioned to 
receive a sealing member 46 to ensure a fluid-tight seal between the retaining member 30 and 
20 the collection vessel 28. The sealing member 46 can be a conventional O-ring made from any 
suitable material. A cap or lid (not shown) (e.g., a screw-on cap) can be used to cover the open 
end 42 of the collection vessel 28 after it is removed from the retaining member 30 to prevent 
spillage of the collected sample. 

In certain embodiments, the collection vessel 28 is a conventional microcentriftige tube 
25 (commonly known as Eppendorf® tubes), such as commonly used in molecular assays for 
performing various processes such as, sonicating, homogenizing, and transferring samples. 
Microcentriftige tubes are commercially available from various manufacturers such as, 
Eppendorf AG of Hamburg, Germany; Sorenson Bioscience of Salt Lake City, UT; Porex Inc. of 
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College Park, GA; Coming Life Sciences of Acton, MA; and Simport Inc. of Beloeil, QC, 
Canada. Such tubes typically have a capacity of about 0.5 mL to 2.0 mL, although tubes having 
greater or lesser volume also may be tised. 

As shown in FIGS. 3-5, the retaining member 30 is formed witii an air-inlet passageway 

5 or conduit 48 that permits air in the surrounding atmosphere to be drawn into the collection 

vessel 28 and an air-outlet passageway or conduit 50 that permit air to exit the collection vessel. 
The air-inlet passageway 48 includes an inlet 74 formed in the side of the retaining member 30 
(as best shown in FIG. 5) and an outlet 76 (FIGS. 3 and 4) that opens to the interior of the 
collection vessel 28. In the illustrated embodiment, the air-inlet passageway 48. is laterally offset 

1 0 from a central axis C of the retaining member 30 with the outlet 76 being adjacent the inner 
surface of the collection vessel so that the air flow entering the collection vessel is generally 
tangential with respect to the irmer surface of the collection vessel (as best shown id FIGS. 3 and 
4). As shown in FIG. 5, the air-inlet passageway 48 also extends at an inclined angle 6 relative 
to a line Li that is parallel to the open end 42 of tiie collection vessel 28. The air-inlet 

15 passageway 48 also defines an angle co with respect to a line L2 that is perpendicular to Li and 
parallel to but offiset from the central axis C. Although variable, the angle 6 of the air-inlet 
passageway 48 in particular embodiments is between about 30* and 45^ with 40** being a 
specific example. 

In particular embodiments, the diairieter of the air-inlet passageway 48 is between about 
20 1 mm to 2 mm, with 1 .99 nam being a specific example. The diameter of the air-outlet 

passageway 50 is between about 2 mm to 3 mm, with 2.24 mm being a specific example. Of 
course, these specific dimensions (as well as other dimensions provided in the present 
specification) are given to illustrate the invention and not to limit it. The dimensions provided 
herein can be modified as needed in different appUcations or situations. 
25 As shown in FIG. 3, the air-outlet passageway 50 extends along the central axis C and 

opens to the interior of the collection vessel 28. The entrance of flie air-outlet passageway 50 is 
defined by a centrally disposed extension portion 52 that extends a selected distance S (FIG. 3) 
into the open end 42 of the collection vessel 28. The extension portion 52 serves as a vortex 
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finder to facilitate the foimation of a vortex or cyclonic air-flow pattern in the collection vessel 
28. 

Air flowing through the air-inlet passageway 48 enters the collection vessel 28, spirals 
downwardly toward the closed end 54 to form an outer vortex, spirals upwardly generally within 

5 the outer vortex to form an iimer vortex, and flows outwardly through the air-outlet passageway 
50. This air-flow pattern is known as a "double vortex" or a "reverse-flow cyclone." Airborne 
particles that are generally larger than the cut-off size of the collection vessel impact the 
collection vessel inner surface 56 and separate firom the air flow. The separated particles are 
deposited along the collection vessel inner surface 56 in a generally spiral configuration and/or 

10 migrate to the bottom of the collection vessel 28. In this manner, the collection vessel serves as 
a cyclone separator or cyclone device for separating out aerosols from the air stream, as well as a 
collection vessel for retaining the separated particles. Air exiting ttie collection vessel 28 flows 
through the air-outlet passageway 50, the filter 32, tubing 34, the fluid conduit 16, aad into the 
vacuiim pviap (not shown), which exhausts the air to the atmosphere. 

15 As generally known in the art, the performance or collection efiHciency of a cyclone 

sampler at a given flow rate can be represented by the 50% cut-ofiF point or cut-ofiF diameter, D50, 
of the sampler. The cut-off diameter D50 is the aerodynamic diameter (Dae) of the particle that is 
collected and retained by a sampler at a given flow rate with a 50% collection efSciency. For 
example, a sampler having a D50 of 10 ^m will collect and retain 50% of all particles equal to 

20 about 10 |im. Embodiments of the sampling unit 14 can achieve a cut-off diameter Dso of less 
than 2 jmi. Such embodiments are suitable for use in collecting airbome microorganisms, such 
as fungal spores. In addition, as demonstrated in the examples below, a small amount of water 
(e.g., 50-200 ^L) or another suitable hquid can be placed in the collection vessel to increase its 
collection efficiency. 

25 Referring again to FIG. 3, the retaining member 30 can be formed with a second end 

portion 58 having a reduced diameter. The second end portion 58 can be coupled to the filter 32 
by a piece of flexible tubing 60 that extends over and forms a fiictional fit with the second end 
portion 58 and a first end portion 62 of the filter 32. Similarly, a second end portion 64 of the 
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filter 32 can be coupled to tubing 34 by a piece of flexible tubing 66 that extends over and fonns 
a fiictional j5t with the second end portion 64 of the filter and tubing 34. 

In certain embodiments, the filter 32 can be selected to have a filter media 68 suitable 
for filtering airborne particles that are generally smaller than the particles separated from the air 

5 flow in the collection vessel 28, if an analysis of such smaller particles is desired. In another 
embodiment, flie filter is used to prevent particles of a certain size fi*om flowing into and 
possibly damaging the vacuum pump (not shown). Thus, in the latter embodiment, it is not 
necessary that the filter be capable of filtering particles that are generally smaller than the 
particles separated fi-om the air flow in the collection vesser28. In yet another embodiment, the 

1 0 filter is not used. 

As shown in FIGS. 3 and 7, the filter 32 can include a porous member 82, which serves 
as a flow straightener and a support for the filter media 68, and an o-ring 84. In this 
embodiment, the filter media 68, the porous member 82, and the o-ring 84 are retained between 
first and second separable filter portions 70 and 72, respectively. If desired, the filter portions 

15 70, 72 can be separated fix)m each other to permit removal of the filter media 68 and analysis of 
the particles collected thereon. The filter portions 70, 72 can then be re-assembled v;ath a new 
filter media 68. 

FIG. 7 shows an alternative filter 80 that can be used in the sanqjling unit 14. While 
two specific examples of filters are illustrated in the figures, it can be appreciated that any of 

20 various commercially available filters (such as those available firom SKC Inc. or BGI, Inc. of 
Waltham, MA) can be used in the sanq>ling unit 14. Generally, the selection of the filter 
depends on the flow rate of the vacuum pump, the surrounding atmosphwe in which a sample is 
to be collected, and the size of the particles that are to be removed from the air stream. Thus, it 
should be appreciated that the specific application will dictate the size of the filter to be used. 

25 After a sampling period, the collection vessel 28 can be removed to perfonn one or 

more analyses on the collected particles. Some analyses, such as a PGR analysis, can be 
performed on the sample while it is in the collection vessel 28. Advantageously, this eliminates 
the possibility of sample loss, which can result from transferring the collected sample from the 
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sampling device to a collection vessel, such as can happen when extracting a sample from a 
filter. If desired, a portion of the collected sample can be transferred to another collection 
vessel to perform a different type of analysis on the same sanq)le. For exanq)le, a PGR analysis 
can be performed on the sample in one collection vessel and an immunoassay can be performed 
5 on the sample in another collection vessel. Of course, other types of analyses also can be used. 

The sampling unit 14 can be used to detect for the presence of a specific type of aerosol, 
such as an airborne antigen, by placing in the collection vessel 28 an assay ttiat is selected to 
react with such aerosol. To provide a visual indication of the presence of the aerosol, tiie assay 
can be selected to produce a color change upon reaction with the aerosol. In one 
10 implemaitation, the assay is placed in the collection vessel prior to collecting a sample. Thus, in 
this manner, the sampling unit provides a relatively quick and easy way to detect for the 
presence of a specific aerosol in real time while particles are being collected. 

FIGS. 8 and 9 show a double-cyclone or two-stage sampling device 100, according to 
one embodiment The sampUng device 100 includes a collection-vessel retaining member 102 
15 adapted to receive a first collection vessel 104 and a second collection vessel 106, which can be 
conventional microcentrifiige tubes. The sampling device 100 can also include an optional filter 
126 to filter air flowing from the retaining member 102 to a vacuum pump (not shown in FIGS. 
8 and 9). As shown in FIG. 8, the retaining member 102 can be coupled to a support member 
130 that can be placed in a shirt pocket or attached to a user's clothing when the sampling device 
20 is used as a personal air sampler. The support member 130 can be provided with an adhesive or 
mechanical attachment device (e.g., spring cUp) to permit attachment to the user's clothing. 

The retaining member 102 can be formed with threaded openings 108 sized to receive 
the threaded portions 40 of ttie collections vessels 104, 106. The retaining member 102 also can 
be formed with annular groves 110 (FIG. 9) adjacent the threaded openings 108. Sealing 
25 members 1 12 are disposed in the annular groves 1 10 to establish a fluid-tight seal between the 
retaining member and the collection vessels. 

In the illustrated embodiment, the retaining member 102 supports the collection vessels 
104, 106 in the same orientation. In use, both collection vessels therefore can be positioned in a 
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generally vertically upright orientation, such as shown in FIG. 9. This configuration is 
advantageous since it allows a liquid to be placed in one or both of the collection vessels. The 
liquid can be, for exannple, water placed in one or both collection vessels to increase collection 
efficiency or an eissay selected to detect for the presence of a specific aerosol. 

5 In other embodiments, the retaining member can be configured to support the collection 

vessels 104, 106 in different orientations. For exari:q>le, one collection vessel can be supported at 
a 90° angle with respect to the other collection vessel. In another example, the collection vessels 
can be supported on opposite sides of the retaining member. 

As best shown in FIG. 9, the retaining member 102 is formed with an inlet fluid 
10 passageway 1 14 for conducting air into the first collection vessel 104, an intermediate fluid 

passageway 116 for conducting air fi*om the first collection vessel 104 to the second collection 
vessel 106, and an outlet fluid passageway 1 18 for conducting air out of the second collection 
vessel 106. The intermediate fluid passageway 116 therefore serves as an outlet fluid 
passageway for the first collection vessel 104 and an inlet fluid passageway for the second 

15 collection vessel 106. The retaining member 102 can be formed with extension portions 120 and 
140 that define the entrance of the intennediate fluid passageway 116 and the oudet fluid 
passageway 118, respectively, and fimction as a vortex finders for the first and second collection 
vessels 104, 106. 

The inlet fluid passageway 1 14 extends at an inclined angle (e.g., 40**) with respect to 
.20 the open end of the first collection vessel 104 and introduces air through the open end of the first 
collection vessel 104 in a generally tangential direction with respect its ixmer surface to facilitate 
the formation of a vortex. As best shown in FIG. 9, the intennediate fluid passageway 1 1 6 in the 
illustrated embodiment includes a first portion 122 that extends upwardly from extension portion 
120 and a second portion 124 that extends back downwardly and opens into the second 
25 collection vessel 106. The second portion 124 extends at an inclined angle (e.g., 40*") with 

respect to the open end of the second collection vessel 106 and introduces air through the open 
end of the second collection in a generally tangential direction with respect to its inner surface to 
facilitate the formation of a vortex therein. The intermediate fluid passageway 1 16 desirably 
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traces a smooth, curved pathway between the two collection vessels to mininuze particle 
retention on thie inner surface of the intermediate fluid passageway. 

The filter 126 can be coupled to the retaining member in any suitable manner. In the 
illustrated embodiment, the filter 126 has inlet portion 132 and an outlet portion 134. The inlet 
5 portion 132 is coupled to an extension portion 128 of the retaining member 102 with a piece of 
flexible tubing 136. The outlet portion 134 of the filter can be fluidly coimected to a vacuum 
pun^ (not shown) via tubing 138. 

In use, air is drawn into the first collection vessel 104 through the inlet fluid passageway 
1 14 and forms a double vortex to separate airbome particles that are generally larger than the 
1 0 cut-ofif diameter of the first collection vessel. Air firom tiie first collection vessel flows throu^ 
the intermediate fluid passageway 1 16 into the second collection vessel 106. Air flowing into 
the second collection vessel 106 forms a double vortex to separate airbome particles that are 
generally larger than the cut-off diameter of the second collection vessel. The cut-off diameter 
of the first collection vessel can be the same as or different firom the cut-off diameter of the 
15 second collection vessel. 

The cut-off diameter of a collection vessel depends on at least tiie following parameters: 
the flow rate, the inside diameter Dc of the collection vessel, and the diameter Dj of the inlet 
conduit that conducts air into the collection vessel. 

In the illustrated embodiment, the dimensions Dc and D\ for the first and second 
20 collection vessels. Hence, the first and second collection vessels have approximately tlie same 
cut-off diameters at the same flow rate. Since airbome particles are forced to flow through 
vortexes in two collection vessels, the overall particle collection efficiency of the sampling 
device is greater than the one-stage sampling device 14 shown in FIGS. 1-6. Thus, tiie two-stage 
embodiment may be used in situations where the analysis to be performed on the collected 
25 sample calls for a collection efficiency that is greater than the collection efficiency of the one- 
stage embodiment (although the one-stage embodiment provides a collection efficiency that is 
sufficient for most applications). 
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Another advantage of the two-stage embodiment is that two separate particle analyses 
can be performed on the collected samples while avoiding possible contamination or sample loss 
that can occur from sample transfer. In some applications, for exan:q)le, it may be desirable to 
perform different types of analyses on the samples collected in the first and second collection 
5 vessels. Altematively, in other applications, it may desirable to perform the same type of 
analysis on both samples to verify the accuracy or repeatability of such analysis. 

In another inplementation of the two-stage embodiment, an assay can be placed in one 
or both of the first and second collection vessels prior to sample collection. The assay in each 
collection vessel is selected to detect and provide a visual indication of the presence of a specific 
10 type of aerosol, such as by producing a color change, while particles are being collected in flie 
collection vessels. 

In an altemative embodiment, the cut-off diameters of the first and second collection 
vessels 104, 106 are sized such that the particles collected in the first collection vessel are 
generally larger tiian the particles collected in the second collection vessel. This can be achieved 

15 by providing a first collection vessel having an inside diameter Dc that is greater than ttie inside 
diameter of the second collection vessel and/or by providing the first collection vessel with a 
inlet conduit having a diameter that is greater than the diameter of the inlet conduit to the second 
collection vessel (i.e., the diameter of conduit 1 14 would be greater than the diameter of second 
portion 124 of the intermediate conduit 116). The filter 126 also may be used to further separate 

20 out and collect particles that are smaller than the cut-off diameter of the second collection vessel. 
In this maimer, the sampling device fimctions as a three-stage separation device (two cyclone 
stages and one filter stage). 

In one embodiment, for example, the inlet conduit 1 14 to the first collection vessel has a 
diameter of about 1.99 mm, the second portion 124 of the intermediate conduit has a diameter of 

25 1.3 mm, and the first and second collection vessels have an inside diameter Dc of about 8.27 mm. 
At a flow rate of about 4 L/min, the first stage (i.e., the first collection vessel) achieves a cut-off 
diameter D50 of about 1.5 ^m and the second stage (i.e., the second collection vessel) achieves a 
cut-off diameter D50 of about .8 nm. 
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In one application of the two-stage embodiment, the sampling device is operated at a 
flow rate such that the first collection vessel has a cut-off diameter of about 2 for collecting 
fungal spores and the second collection vessel has a cut-off diameter of about 0.5 ^m for 
collecting bacterial spores. If desired, the filter 126 can be sized to separate out even smaller 

5 particles from the air flow. 

In a similar application, the two-stage embodiment can be used to detect or measure the 
concentration of hazardous respirable particles, such as those attributable to coal dust, in a 
mining environment In this application, the first collection vessel is selected to separate out 
particles approximately 10 jim and larger (which are considered to be non-hazardous in most 

10 industrial environments) and the second collection vessel is selected to separate out hazardous 
respirable particles ranging from approximately 0.8 ^m to 10 |xm. The filter 126 also may be 
used to separate out particles smaller than 0.8 jxm to assess exposure to diesel exhaust particles. 

While the illustrated retaining member 102 has a unitary or one-piece construction^ 
other configurations are possible. For ease ofmanufacturing, the retaining member 102 can be. 

15 made firom two separately formed pieces that are joined together. For example, tiie retaining 
member can be made from left and right halves that are joined at a vertical plane extending 
between the collection vessels 104, 106, 

In alternative embodiment, the first and second collection vessels are coupled to 
respective first and second retaining members, each having a respective air inlet and air outlet 

20 The air outiet of the first retaining member is fluidly connected to the air inlet of the second 

retaining member, such as via a piece of tubing, so that air flows from the first collection vessel, 
through the outlet of the first retaining member, the inlet of the second retaining member, and 
into Hit second collection vessel. 

25 Examples 
Example 1: 

This example illustrates the performance of six sampling devices having the one-stage 
configuration shown in FIGS. 1-6. Each sampling device is similar in construction, although a 
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different microcentrifuge tube is used as the collection vessel in each device. Table 1 below 
summarizes the Dc, H, Z, and B dimensions (FIG. 3) of the microcentrifuge tubes (identified as 
tubes a, b, c, d, e, and f). The total hei^t (H and Z) of each tube is approximately 44 mm ± 1 
mm. The retaining members of the sampling devices were fabricated to have an inlet diameter, 
5 Di, of 1.99 mm, an outlet diameter. Do, of 2.24 mm, an "S" dimension (FIG. 3) of 2.91 mm, and 
an inchnation angle 6 (FIG. 3) of approximately 40*. Each sampling device 14 included a filter 
having a 13-mm glass-fiber filter element. Table 2 below summarizes the physical parameters 
of the sampling devices and of the air flow through the sampling devices at 2 L/min and 4 
L/min. 

10 



Collection 
tube 


Part#/ 
Manufacturer 


Capacity, 
mL 


Type 


Dc, mm 


H, mm 


Z, mm 


B,mm 


a 


PGC 16-8117-06* 
Sorenson 
Bioscience 


2.0 


Self 
Stand 


8.35±0.01 


41.13±0.05 


3.02=b0.18 


0 


b 


PGC 16-8117-28* 
Sorenson 
Bioscience 




Conical 


8.31±0.01 


26.49±0.20 


18.42±0.21 


3.02±0.09 


c 


PGC 16-8115-24* 
Porex 515 


1.5 


Conical 


8.27db0.03 


24.48±0.19 


19.09±0.32 


2.99±0.10 


d 


COR 430909 
Coming 


1.5 


Conical 


8.16±0.01 


25.62±0.17 


18.24:b0.17 


2.94±0.08 


e 


SIM T334-5 
Simport 


1.5 


Conical 


8.19±0.03 


25.76±0.17 


18.3at0.20 


2.96i0.12 


f 


SIMT334-7 
Sin^ort 


2.0 


Self 
Stand 


8.22±0.05 


39.39±0.22 


4.35±0.23 


0 



Table 1 

'indicates the part number given by PGC Scientific Co. of Gaithersburg, MD. 



Dj, mm 


Do, mm 


S, mm 


6, degree 


Q, L/min 


Vj, m/sec 




1.99 


2.24 


2.91 


40.0 


2.0 


10.72 


1421.87 


4.0 


21.43 


2843.75 



Table 2 

15 
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In this example, as well as in the examples below, the sampling devices were operated 
in a calm-air chamber system. Monodisperse fluorescent-tagged polymer microspheres (Duke 
Scientific, Palo Alto, CA) having nominal aerodynamic diameters. Dp, between 0.51 and 16 ^m 
were aerosolized and introduced into the chamber using either a liquid nebulizer (available from 
5 Hospitak Inc. of Farmingdale, NY, as catalog No. 952) or a dry-powder venturi disperser (In- 
Tox Products, Albuquerque, NM).« When the nebulizer was used, a diffusion dryer having a 
desiccant and a clean, dry air flow were employed to remove water droplets in the aerosol. 
When the venturi was used, a solenoid valve was employed to create a pulsating air flow into the 
chamber to assist in dispersing the particles. The mean flow rate into the chamber was about 
10 27.5 L/min. An automobile air filter was placed at the top of tiie chamber' to dampen the 

overflow and maintain the calm-air condition in the chamber. An aerodynamic particle sizer 
(model No. 3320, available from TSI, Inc. of St. Paul, MN) was used to monitor the 
monodispersity of the aerosols in the chamber. 

The sanq>ling devices were operated in the chamber at flow rates of 2 L/min and 4 
15 L/min and exposed to an atmosphere containing 1.94-^m particles. Following a sampling 

period, the sampling devices were removed from the chamber and the fluorescent intensity of the 
particles collected on the collection tube, retaining member, and filter of each sampling device 
was measured using a spectrofluorometer (model C-60 from Photo Technology International, 
Monmouth Junction, NJ) to determine the fractional deposition of particles on each part. Table 
20 3 below shows the particle deposition of 1.94-^m particles on the collection tube, retaining 
member, and filter for each sampling device. As shown, the collection efficiency of 1.94-nm 
particles (i.e., the percentage of particles retained in the collection tubes) varies from 13.9% to 
20.3% at 2 L/min and from 65.3% to 78.4% at 4 L/min. Tubes c, d, and e achieved higher 
efficiencies than tubes a, b, and f. 



# 
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Fractional Deposition, % 


Tube 


Sampler Part 


Q = 2L/niin 


Q = 4L/niin 






Mean 


oianuaru 
error, N= I 


Mean 


error, N=l 




Filter 


83.3 


1.3 


17.3 


0.4 


a 


Tube 


13.9 


1.3 


69.0 


0.4 




Attachment 


2.7 


0.2 


13.6 


0.1 




Filter 


77.0 


1.8 


18.3 


0.7 


b 


Tube 


18.7 


1-8 


65.3 


1.0 




Attachment 


4.3 


1.0 


16.4 


0.4 




Filter 


71.9 


1.4 


10.4 


1.1 


c 


Tube 


20.7 


1.5 


78.4 


1.6 




Attachment 


7.4 


1.6 


11.3 


1.5 




Filter 


75.1 


1.1 


12.7 


1.0 


d 


Tube 


20.0 


1.9 


73.3 


1.7 




Attachment 


4.9 


0.8 


14.0 


0.7 




Filter 


75.9 


0.7 


14.2 


1.3 


e 


Tube 


20.3 


0.4 


72.4 


1.1 




Attachment 


3.7 


0.5 


13.4 


0.9 




Filter 


77.4 


1.2 


17.0 


0.5 


f 


Tube 


18.4 


1.0 


69.8 


0.9 




Attachment 


4.2 


0.4 


13.2 


0.6 



Table 3 (Fractional deposition of 1.94-nm particles). 



Example 2: 

5 Using tubes c, d, and e from Table 1, sampling devices were operated in the chamber at 

flow rates of 2 L/min and 4 L/min and exposed to atmosphCTes containing particles having 
nominal diameters of 0.51, 1, 1.94, 3, 6, 11, and 16 [im. Table 4 below shows flie operating 
parameters and fractional deposition of particles for the sampling device used with tube c. The 
results obtaiaed for the sampling devices used with tubes d and e were similar to the results 
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shown in Table 4. The aspiration efiBciency (the total percentage of airborne particles flowing 
through a sampler tliat are collected on the filter, collection tube, and retaining member) of the 
sanq}ling devices, which is shown in FIG. 10, varied between 97% and 102%. 



Dp, iim 


Dae, 


Qavg, L/min 


Vi, m/sec 




Stokes 
No. 


Fractional deposit, % 


Filter 


Tube 


Attachment 


0.51 


0.52 




10 

1 V. / J 


14*^1 


0 01 


98.51 


1.11 


0.38 


4 04 


21 49 




0 02 


92.93 


4.67 


2.40 


1.00 


1.03 


2 04 


10 R4 


144^ • 


O 04 


. 94.01 


2.66 


3.33 


4 02 


21 '^S 




0 OS 






4.1U 


1.94 


1.99 


2.03 


10.75 


1434 


0.14 


75.59 


19.84 


4.57 


4.05 


21.47 


2863 


0.28 


15.02 


71.53 


13.44 


3.00 


3.08 


2.05 


10.88 


1451 


0.33 


23.83 


63.99 


12.18 


4.05 


21.46 


2862 


0.66 


0.98 


97.48 


1.54 


6.00 


6.15 


2.06 


10.90 


1454 


1.30 


1.60 


93.76 


4.63 


4.05 


21.48 


2865 


2.5.7 


0.33 


. 98.64 


1.03 


11.00 


11.27 


2.08 


11.05 


1473 


4.38 


0.54 


97,96 


1.50 


4.05 


21.46 


2862 


8.51 


0.18 


99.05 


0.77 


16.00 


16.40 


2.05 


10.88 


1450 


9.08 


0.52 


97.90 


1.57 


4.05 


21.47 


2863 


17.93 


0.19 


99.16 


0.66 



5 Table 4 (Fractional deposition of 0.51, 1.00, 1.94, 3.00, 6.00, 1 1.00, and 16.00-jun particles). 



FIGS. 1 1 and 12 are graphs showing the fraction of total particles deposited on the 
filter, collection tube, and retaining member of each sampling device at 2 L/min and 4 L/min, 
respectively. The "filter" curves correspond to the percentage, of particles that penetrate the 
10 cyclones and collect on the filters. The "retaining member" curves corre^ond to the percentage 
of particles that are retained on the internal surfaces of the retaining members, and therefore is 
representative of the internal wall-losses of each sampling device. The "tube" curves correspond 
to the percentage of particles collected in the collection tubes (termed collection efiBciency). As 




wo 2005/040767 PCTAJS2004/032378 

-20- 

shown in FIGS. 1 1 and 12, the results for each sampling device are substantially similar. For 
each sampling device, the collection efficiency increased with particle size, ranging from about 
1% for 0.5-fim particles to about 99% for 16-^m particles. 

FIG. 13 shows the collection efiSciency curves of FIGS. 11 and 12 placed side-by-side 
5 for comparison (the curves at each flow rate are consolidated as one curve in FIG. 13). As 

shown, as the flow rate increases, the curve shifts to the left, indicating that there is a decrease in 
the 50 % cut-ofiF diameter D50 as the flow rate increases. Specifically, the 50% cut-off diameter 
D50 is approximately 2.5 jim at 2 L/min and approximately 1.5 ^m at 4 L/min. In addition, the 
collection efficiency is greater than 90% at a flow rate of at least 4 L/min for particles greater 

10 than 2.5 ^m, which is the size of most fungal spores found in indoor environments. In FIG. 14, 
the efficiency curves at 2 L/min and 4 L/min are consolidated into a single curve that plots 
collection efficiency against the normahzed particle diameter, (D^c-^so^^so- 

For a sampling device having dimensions Dc, Db D©, and S (FIG. 3) of 8.3 mm, 1.992 
mm, 2.241 mm; 2.905 nnutn, respectively, the data shown in FIGS. 11-13 can be fitted to the 

15 following equation for the 50% cut-off diameter D50: 

where Q is the sampling flow rate in L/min and the constants a and b are 1.7508 and 1.7370, 
respectively, which are determined using non-linear least-squares regression. This equation can 
be used to predict the collection efficiency of the sampling device at different flow rates. 

20 Exan^le 3: 

In this example, the internal surfaces tubes of c, d, and e (two of eachX were coated with 
polyethylene glycol and then used to sample 1.94-jim particles in the chamber. Table 5 below 
shows the mean collection efficiency of each tube configuration at 2 L/min and 4 L/min with and 
without the polyethylene glycol. At 2 LAnin, the mean collection efficiency for each tube with 

25 the coating was slightly higher than the mean collection efficiency of the same tube without the 
coating. 
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Tube 


Flow Rate 


Tube Collection EfiGciency, % (Mean ± SE, N = 4) 


Uncoated 


Coated 


c 


z JL/nun 


19.8 ± 0.8 


22.5 ± 3.9 


4 L/min 


71.5 ±1.8 


69.8 ±0.9 


d 


2 L/min 


18.0 ±0.7 


20.6 ± 1.2 


4 L/min 


76.9 ± 0.9 


71.9 ± 1.4 


e 


2 L/min 


17.0 ±1.0 


19.1 ±0.5 


4 L/min 


73.3 ±1.2 


71.4 ±0.8 



Table 5 (Collection efl5ciency for 1.94-|im particles on coated and uncoated collection vessels). 
Example 4: 



This example illustrates the evaporation rate of water from a collection vessel and how 
5 the presence of a liquid affects the collection efSciency of the cyclone sanq)ling device. 

To determine the evaporation rate from a collection tube, about 200 jiL were placed in 
the collection tube of a sampling device, which was then was operated at a flow rate of 4 L/min 
outside of the chamber in an ambient environment for about 3 hours. The upper curve in FIG. 
16 is a plot of the evaporation rate of water from the collection tube of sampling device operated 
10 outside of the chamber. As shown, about 145 \iL remained in the collection tube after one hour 
of operation and about 95 p.L remained in the collection tube after two hours of operation. 

For comparison, this procedure was repeated but the sampling device was operated 
inside the chamber (without particles being introduced into the chamber). The lower curve in 
FIG. 16 is a plot of the evaporation rate of water from the collection tube of sampling device 
15 operated inside the chamber. The lower curve displays a much faster evaporation rate than the 
upper curve due to the fact that the relative humidity of the chamber air (about 7%-8%) was 
much lower than the relative humidity of ttie air outside of the chamber (about 45%-50%). 

To demonstrate the effect that water has on the collection efficiency of a sampling 
device, three sampling devices, each having one of tubes c, d, and e filled with about 200 p.L of 
20 distUled water, and three additional sampling devices, each having one of tubes c, d, and e 

without water, were positioned inside the chamber. The sampling devices were used to sample 



m 

WO 2005/040767 



wo 2005/040767 



PCTAJS2004/032378 



-22- 

1.00-fxm particles for about 1 hour at a flow rate of 4 L/min. After the sampling period, the 
sampling devices were removed from the chamber and the fractional particle deposition on the 
filter, collection tube, and retaining member of each sampling device were measured. This 
procedure was repeated two more times, once using 1.94-^m particles and once using 3.00-nm 

5 particles. Table 6 below shows the percentage of particles deposited on the fQter, collection 

tube, and retaining member of each sampling device for the three particle sizes. In each case, the 
presence of water resulted in a greater percentage of particles being collected in the collection ' 
tube. This indicates that placing a liquid in a collection tube allows the sampling device to 
achieve a smaller cut-off diameter D50. Also, the percent contribution of the liquid in the total 

10 tube intensity varied from 6.05% for LOO-p.m particles to 10.16% for 3.00-jim particles. This, 
data demonstrates that the particles collected in the tube would produce a noticeable color 
change of an immunoassay contained in the tube. 







Fractional Deposition, % 


Tube 


Sampler 
Part 


1.00 jam 


1.94 nm 


3.00 nm 




No 
liquid 


liquid 


Percent 

in 
liquid* 


No 
liquid 


Witii 
liquid 


Percent 
in liquid 
* 


No 
liquid 


With 
liquid 


Percent 

in liquid 
• 




Filter 


78.67 


73.92 




13.06 


9.83 




0.97 


0.55 




c 


Tube 


14.00 


19.06 


6.05 


73.55 


79.83 


9.22 


96.67 


98.36 


7.78 




Retaining 
member 


7.33 


7.02 




13.39 


10.33 




2.36 


1.09 






Filter 


80.18 


71.21 




13.36 


10.91 




0.67 


0.53 




d 


Tube 


13.44 


18.79 


8.75 


73.46 


77.64 


9.95 


98.20 


98.98 


10.16 




Retaining 
member 


6.38 


10.04 




13.19 


11.56 




1.12 


0.75 






Filter 


78.89 


75.96 




12.58 


10.37 




0.75 


0.63 




e 


Tube 


14.00 


16.22 


8.32 


73.68 


79.55 


8.75 


97.98 


98.31 


8.55 




Retaining 
member 


7.11 


7.87 




13.74 


10.21 




1.28 


1.27 





Table 6 

15 *Indicates the percent contribution of the liquid in the total tube fluorescent intensity. 
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The present invention has been shown in the described embodiments for illustrative 
purposes only. The present invention may be subject to many modifications and changes 
5 without departing from the spirit or essential characteristics tiiereof. We therefore claim as our 
invention all such modifications as come within the spirit and scope of the following claims. 



